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(57) Abstract: A semiconductor light emitting diode includes a semiconductor substrate, an epitaxial layer of n-type Group HI ni- 
tride on the substrate, a p-type epitaxial layer of Group HI nitride on the n-type epitaxial layer and forming a p-n junction with the 
n-type layer, and a resistive gallium nitride region on the n-type epitaxial layer and adjacent the p-type epitaxial layer for electrically 
isolating portions of the p-n junction. A metal contact layer is formed on the p-type epitaxial layer. In method embodiments dis- 
closed, the resistive gallium nitride border is formed by forming an implant mask on the p-type epitaxial region and implanting ions 
into portions of the p-type epitaxial region to render portions of the p-type epitaxial region semi-insulating. A photoresist mask or a 
sufficiently thick metal layer may be used as the implant mask. 
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LED Fabrication via Ion Imp* 4nt Isolation 

Background of the Invention 
The present invention relates to the manufacture and packaging of 
5 semiconductor light emitting diodes ("LED"). An LED is a semiconductor device 
that emits light whenever current passes through it In its simplest form, a light 
emitting diode includes a p-type portion and an n-type portion to define a p-n junction 
diode. When mounted on a lead frame and encased in an encapsulant (usually a 
polymer), the overall LED package is also referred to as a "lamp." 

Because of the high reliability, long life and generally low cost of LEDs, they 
have gained wide acceptance in a variety of lighting applications in many fields of 
application. 

* 

LED lamps are extremely tough. They typically do not include glass and 
avoid filaments entirely. As a result, LED lamps can take abuse far beyond that of the 
incandescent lamp and their high reliability can greatly reduce or eliminate many 
maintenance factors and costs. 

LED lamps can be extremely efficient, e.g., emitting light -equal -to an 
incandescent lamp while consuming only 1 0 percent of the electricity. Many LEDs 
have life spans of 100,000 hours; i.e. equivalent to over 1 1 years of continuous use. 
Therefore, from a statistical standpoint, most LED's will never foil once they are 
initially tested (typically as part of the production process). LED lamps are excellent 
for use in unusual or difficult environments such as near explosive gases or liquids. 
Although individual light choices (solid state versus incandescent or fluorescent) still 
must be designed and tested for each particular use, as a general rule, LED lights are a 
safer choice in a wide variety of applications. 

LED lamps are energy efficient and environmentally friendly. They minimize 
the use of electricity and^batteries, and their relatively low current requirements 
means they can be solar powered more easily. 

The nature, structure and operation of LEDs is generally well-understood. A 
conceptual discussion and understanding of the nature and operation of light emitting 
diodes and the physics and chemistry that support their operation, can be found for 



WO 2004/102686 

< 



2 



PCTYUS2004/014023 



example in textbooks such as Sze, Physics f Semiconductor Devices, 2d Ed. 

(1981) and Sze, MODERN SEMICONDUCTOR DEVICE PHYSICS (1998). 

A number of commonly assigned patents and co-pending patent applications 
likewise discuss the theory and nature of light emitting diodes, including but not 
5 limited to U.S. Patent Nos. 6,582,986; 6,459,100; 6,373,077; 6,201,262; 6,187,606; 
5,912,477; 5,416,342; and 5,838,706; and Published U.S. Applications Nos. 
20020093020 and 20020123164. The contents of these are incorporated entirely 
herein by reference. 

As all of these sources attest, the color emitted by a light emitting diode 
10 depends upon the nature of the semiconductor material from which it is formed. As 
particularly set forth in the commonly assigned patents and applications, light in the 
green, blue, violet, and ultraviolet portions of the electromagnetic spectrum has higher 
energy compared with red or yellow light Such high energy light can typically only 
be generated using materials having a wide band gap, that is, a bandgap sufficient to 
15 create photons with the required energy. ("Bandgap" is an intrinsic quality of a 
semiconductor material that determines the energy released when a photon is 
generated in the material.) Silicon carbide, gallium nitride, and other Group DI 
nitrides, as well as certain II- VI compounds such as ZnSe and ZnS are examples of 
wide-bandgap semiconductor materials capable of generating blue, green and/or UV 
20 light As further set forth in the incorporated references, of these materials, gallium 
nitride and other Group DI nitrides have begun to emerge as favorite materials for 
LED production. 

For a number of packaging and use applications, a favored design for a light 
emitting diode is the 'Vertical" orientation. The term 'Vertical'* is not used to describe 

25 the final position of the overall device, but instead to describe an orientation within 
the device in which the electrical contacts used to direct current through the device 
and its p-n junction are positioned on opposite faces (axially) from one another in the 
device. Thus, in its most basic form, a vertical device includes a conductive substrate, 
a metal contact on one face of the substrate, two or more epitaxial layers on the 

30 opposite face of the substrate to form the p-n light-emitting junction, and a top contact 
on the top epitaxial layer to provide a current path through the layers and their 
junction and the substrate to the substrate contact 
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In the latest-generation LEE n produced by the assignee of the present 
invention, e.g., published U.S. Application No. 20020123164, the basic LED structure 
includes a silicon carbide substrate, an n-type gallium nitride epitaxial layer on the 
substrate, a p-type g a llium nitride layer on the n-type layer, thereby forming a p-n 
5 . junction and a metal stack on the p-type layer, which also forms the top contact to the 
device. It has been found that the emission of light from such devices can be 
enhanced by carefully selecting the transparency and geometry of the substrate to 
maximize the emission of light based upon its expected wavelength and the index of 
refraction of the silicon carbide substrate and potentially that of the packaging 
10 material. Accordingly, in the latest commercial embodiments, the light emitting diode 
is positioned on a lead frame with the epitaxial layers of the diode adjacent the lead 
frame with the silicon carbide substrate above them. This orientation is sometimes 
referred to as "flip chip" or "junction down" and will be discussed in more detail with 
respect to the drawings. The leadframe is the metal frame onto which a die is 
1 5 attached and bonded. Parts of the leadframe may become the external connections of 
the circuit 

Although the "flip chip" design is advantageous, it may result in a very small 
tolerance or space between and among die lead frame, the die attachment metal, the 
metal contact layers of the device, and the terminal edges of the epitaxial layers. 
20 Because the epitaxial layers include and define the p-n junction, the tolerances 

between the metal and the junction can be as small as 1 -5 microns. Accordingly when 
the LED is mounted in a substrate-up, junction-down orientation on the lead frame, 
and with a metal (or other functionally conductive material) being used to provide an 
electrical contact between the lead frame and the ohmic contact to the p-type portion 
25 of the diode, the metal used to attach the LED to the lead frame can inadvertently 
make contact with the n-type layer and form a parasitic (i.e. unwanted) metal- 
semiconductor connection known to those skilled in the art as a Schottky contact 

Additionally, the passivation layer (typically silicon nitride) that is often added 
to protect the diode can crack following thermal or mechanical stress and thus provide 
30 additional possibilities for the development of undesired contacts to the epitaxial 
layers of the device. 
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By way of comparL >n and explanation, the problem described is essentially 
non-existent when diodes are positioned on the lead frame with the substrate rather 
than the epitaxial layers adjacent the lead frame. In such cases, the direct electrical 
contact between the die attachment metal and the (typically) n-type silicon carbide 
5 substrate is of course desired in order to provide current flow through the substrate 
and die junction. 

In a typical LED manufacturing process, epitaxial layers of one or more 
semiconducting materials are grown on a semiconductor substrate wafer. Such wafers 
are typically between 2 inches and 4 inches in diameter, depending upon the 
10 semiconductor materials being used. Because individual LED die are typically quite 
small (e.g. 9 300 x 300 microns), a large quantity of LED die maybe formed on a 
substrate wafer and its epitaxial layers in a geometric grid pattern, hi order to 
successfully produce individual devices, the LED die in the grid must be separated 
from one another, both physically and electrically. Once the LEDs have been formed 
15 on a wafer, they are then separated into individual die, or groups of die, using well 
understood separation techniques such as sawing, scribe-and-break or the like. 

The process of die separation may be harmful to exposed p-n junction regions. 
Therefore, prior to separation, it is known to isolate individual die while they remain 
on the wafer. The most typical method of isolation, which also serves to clearly 
20 define the devices and the location for their ohmic contacts, is to carry out one or 
more photolithography steps and etching the epitaxial layers to define a junction- 
containing mesa for each device or device precursor. 

Although photolithography is a useful technique in semiconductor design and 
manufacturing, it requires specific equipment and materials and adds process steps. 
25 For example, a typical photolithography process can include the steps of adding a 
layer of photoresist (typically a polymer resin sensitive to light) to a semiconductor 
structure, positioning a mask over the photoresist, exposing the photoresist to a 
frequency of light to which it responds (by undergoing a chemical change; usually its 
solubility in a particular solvent), etching the photoresist to remove the exposed or 
30 unexposed pattern (depending upon the resist selected), and then carrying out the next 
desired step on the remaining pattern. In particular, when the purpose of the 
patterning step is to define an etch pattern in a GaN-based layer, GaN's chemical, 
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physical, and therma 1 stability (which are favorable characteristics in finished 
devices) can cause additional difficulties if the etchant removes the resist before fully 
removing the desired pattern of material. 

Accordingly, forming mesa-type LEDs that include a top contact metal layer 
5 will typically require at least two full sets of these steps; one set for patterning and 
etching the mesa and another set for patterning and depositing the metal contact layer. 

Therefore, improvements in isolating devices from one another can provide 
corresponding improvements in the structure and performance of LEDs and LED 

■ 

layers. 

10 

Brief Description of the Drawings 
Figure 1 is a cross-sectional diagram of an LED according to the prior art 
mounted on a lead frame in a flip-chip orientation. 

Figure 2 is a cross-sectional diagram of the basic elements of an LED before 
1 5 and after a mesa is formed and a metal contact is added. 

Figure 3 is a cross-sectional diagram of an LED and schematically illustrating 
implantation according to embodiments of the present invention. 

Figure 4 is a cross-sectional diagram of an LED according to the invention 
mounted on a lead frame in a flip-chip orientation. 
20 Figures 5(A) through 5(D) are progressive schematic cross-sectional views of 

the method steps of embodiments of the invention. 

Figures 6(A) through 6(D) are progressive schematic cross-sectional views of 
the method steps of further embodiments of the invention. 

Figure 7 is a cross-sectional illustration of embodiments of the invention 
25 packaged in lamp form. 

Detailed Description 
The present invention now will be described more fully hereinafter with 
reference to the accompanying drawings, in which preferred embodiments of the 
30 invention are shown. This invention may, however, be embodied in many different 
forms and should not be construed as limited to the embodiments set forth herein; 
rather, these embodiments are provided so that this disclosure will be thorough and 
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complete, and will fully convey the scope of the invention to those skilled in the art. 
In the drawings, the thickness of layers and regions are exaggerated for clarity. It will 
be understood that when an element such as a layer, region or substrate is referred to 
as being "on" another element, it can be directly on the other element or intervening 
5 elements may also be present In contrast, when an element is referred to as being 

"directly on" another element, there are no intervening elements present Moreover, it 
will be understood that when a first element or layer is described as "in electrical 
contact" with a second element or layer, the first and second elements or layers need 
not be in direct physical contact with one another, but may be connected by 
10 intervening conductive elements or layers which permit current flow between the first 
and second elements or layers. 

Figure 1 is a cross-sectional schematic view of a light emitting diode broadly 
designated at 20 and illustrated in a manner that illustrates the potential problems than 
can arise when light emitting diodes mounted in certain orientations. Although the 
1 5 light emitting diode 20 is shown in fairly simplified fashion, it will be understood by 
those of ordinary skill in this art that the device 20 can be more sophisticated (Le. 
include more elements) than illustrated herein. In the present circumstances, 
however, the invention can be clearly understood using basic illustrations. An 
exemplary diode of the type illustrated at 20 and some of its variations are also 
20 described in commonly assigned and co-pending application Publication No. 

US20020123164, the contents of which are incorporated entirely herein by reference. 

The diode 20 includes a substrate 21 which may be n-type silicon carbide 
having a polytype selected from the group consisting of the 2H, 4H, 6H, 8H, 15R, and 
3C polytypes of silicon carbide. The diode portion of the device 20 is illustrated by 
25 the respective n-type gallium nitride region 22 and p-type gallium nitride region 23, 
which together define a p-n junction 24. Region 22 and region 23 may each comprise 
a single layer or a group of related layers having different compositions, thicknesses, 
dopant concentrations or other qualities. The diode 20 also includes an ohmic contact 
25 to the p-type gallium nitride epitaxial region 23 and a die attach metal 26 in 
30 electrical contact with the ohmic contact As described in U.S. Patent Application 
No. 10/200,244 which is incorporated herein by reference as if fully set forth herein 
the die attach metal 26 may physically contact a bond pad (not shown) such as a gold 
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or silver layer. Moreover, reflector, barrier, and other metal ?> .years (not shown) may 
be formed between die attach metal 26 and the ohmic contact 25. Ohmic contact 15 
may be formed on substrate 21 to form a vertical device as described above, and a 
wire lead 29 may be connected to contact 1 5 for connecting the device to an external 
5 circuit Moreover, in the device illustrated in FIG. 1, a passivation layer 5 comprising 
an insulating material such as silicon nitride or silicon dioxide covers or an insulating 
polymer such as polyamide and protects the exposed surfaces of the epitaxial regions 
22, 23. 

The diode 20 is typically mounted on a metal or metallized lead frame 27, 
1 0 which provides an electrical contact between the diode 20 and an external circuit. As 
set forth in the background, in typical environments, the die attach metal 26 is formed 
of a metal that melts at a relatively low temperature, e.g., lower than the ohmic 
contact 25 and low enough such that other package components are not damaged 
during the die attach process. Accordingly, die attach metal 26 may comprise a solder 
15 such as tin or an alloy such as gold/tin. The die attach metal permits the diode 20 to be 
mounted on the lead frame quickly and easily via soldering or thermosonic bonding. 
In this regard, Figure 1 also illustrates that if the die attach metal is formed 
imprecisely (which is always a possibility given the very small scale and size of most 
devices) a portion 30 of the die attach metal 26 can extend beyond the desired contact 
20 with the ohmic contact 25 and can contact the p-type gallium nitride region 23 or the 
n-type gallium nitride region 22. In these circumstances, the imprecise or unwanted 
portion 30 of the die attach metal may contact n-type gallium nitride layer 22 and can 
form an unwanted and parasitic Schottky diode with the n-type layer 22, or if it 
extends far enough, with the n-type silicon carbide substrate 21. 
25 Figure 2 illustrates a conventional manner of defining or isolating a junction in 

a Ught-emitting diode. As in the case of Figure 1, the diode (broadly designated at 32) 
has been illustrated in its most fundamental aspects and can include additional 
elements that for the sake of clarity are not illustrated in Figure 2. As in the case of 
the diode 20 in Figure 1, the diode 32 includes an n-type silicon carbide substrate 33, 
30 an n-type epitaxial layer of gallium nitride 34 on the substrate 33, and a p-type layer 
of gallium nitride 35 on the n-type layer, and defining the p-n junction 36. In order to 
define and isolate the junction, the epitaxial layers 34 and 35 are typically etched to 
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form the mesa structure illustrated in the right-hand portion of Figure 2, which also 
shows an ohmic contact 37 to the p-type epitaxial layer 35. In many circumstances, 
the junction 36 within the mesa formed by etching the layers 34 and 35 is covered 
with silicon dioxide or some other appropriate insulating or dielectric material to help 
5 protect the junction 36 from external contamination and/or damage during die 
separation, packaging, or other processing steps, or during operation. 

As recognized by those of skill in this art, in order to form the layers 35 and 36 
into a mesa, a number of additional steps must be carried out. These typically include 
a masking step to define the pattern for the etch, which in turn includes the steps of 
10 laying down the mask (typically a photoresist), placing the optical pattern over the 
photoresist, exposing, and developing the resist, removing the developed (or as the 
case may be, undeveloped) portions of the mask and etching the underlying epitaxial 
layers, then removing the photoresist Although these steps are now common in the 
semiconductor industry and can be carried out with a high degree of precision, they 
15 add additional engineering and cost factors to the overall manufacturing process, and 
for well-understood reasons, each additional manufacturing step can create a small 
lack of tolerance or precision in the end device. 

Figure 3 is a broad schematic illustration of a junction-defining method of 
embodiments of the present invention. The method comprises implanting ions 
20 represented schematically by the arrows 40 into an epitaxial layer 41 in the diode 
broadly designated at 42 adjacent the p-n junction 43. Epitaxial layer 41 has a first 
conductivity type (illustrated in Figure 3 as p-type). The type and amount of the 
implanted ions increase the resistivity of implanted region 44 and may render the 
implanted region 44 highly resistive and/or semi-insulating. In this context, "highly 
25 resistive" means that the material is sufficiently resistive such that negligible current 
flow occurs when a voltage bias is applied to the anodes of adjacent die on a wafer. 
That is, the material in implanted regions 44 is considered highly resistive for 
purposes of this invention if it substantially electrically isolates adjacent die. In some 
embodiments, the resistivity of the implanted regions 44 is at least 2000 fl-cm. If the 
30 resistivity of the material is sufficiently high, the material may be considered semi- 
insulating (or "i-type") material rather than p-type or n-type semiconductor material. 



WO 2004/102686 PCT/US2004/0 14023 

-9- 

In general, material having a resistivity in excels of lxl 0 5 Q-cm at room temperature 
may be considered semi-insulating for purposes of this invention. 

The ions 40 may be implanted in a pattern that defines an implanted perimeter 
44 as more clearly illustrated in Figure 3 A. The perimeter 44 may be sufficiently 
5 doped with the implanted ions 40 to be highly resistive to thereby isolate or define the 
junction 43 with the implanted perimeter 44. Figure 3 also illustrates the n-type layer 
45, the substrate 46, and the metal contact 47. The dashed lines in the epitaxial layer 
41 also help illustrate the location of the perimeter in the view of Figure 3. 

In some embodiments, substrate 46 may comprise n-type silicon carbide 

10 having a polytype selected from the group consisting of the 2H, 4H, 6H, 8H, 15R, and 
3C polytypes of silicon carbide. It will be appreciated by those skilled in the art, 
however, that substrate 46 could comprise another material such as sapphire, gallium 
nitride, al uminu m nitride or another suitable material such as MgO, spinel, silicon or 
ZnO. Moreover, the substrate 46 may be conductive to permit the formation of a 

1 5 vertical device, or the substrate 46 could be insulating or semi-insulating. 

« 

In some embodiments of the invention, metal contact 47 may serve as the 
implant mask for implanting ions 40 into the device. For example, if metal contact 47 
comprises a metal stack with sufficient thickness to prevent ions 40 from reaching 
layer 41, then it may be possible to avoid depositing a separate implant mask. 

20 As Figure 3 schematically illustrates, in one embodiment, the method 

comprises implanting ions such as nitrogen or phosphorus in the p-type layer of 
gallium nitride. Other ions can be used to increase the resistivity of the region via 
implantation, including hydrogen, helium, aluminum and N 2 . Other aspects of the 
method will be illustrated with respect to Figure 5. 

25 The implantation can be carried out in conventional fashion and at room 

temperature. As presently best understood (and without being limited by a particular 
theory), the implanting ions create damage within the GaN to produce deep levels 
within the bandgap. These in turn trap free carriers in the GaN thus rendering the 
material highly resistive. 

30 Light-emitting diodes in Group HI nitrides such as GaN are not limited to 

using n-type substrates and p-type top layers. There are, however, a number of 
reasons, well understood in this art, as to why n-type SiC substrates are more 
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commonly used. Thus, the invention could also include implanting an n-type layer to 
increase its resistivity. Because the use of n-type substrates is more common, 
however, most of the description herein will refer to such structures. 

Although light emitting diodes that incorporate two layers (n and p-type) of 
5 gallium nitride are illustrated, those familiar with and of ordinary skill in this art will 
recognize that the diode 42 can include one or more quantum wells, or superlattice 
structures or both and that the active layer or layers can include a greater range of the 
Group HI nitride compounds than, gallium nitride standing alone. These variations, 
however, need not be elaborated in detail in order to clearly understand the invention, 
1 0 and thus, they are not discussed in detail herein. Thus, the relevant portions of more 
elaborate devices may also be referred to as "active layers," "diode portions," "diode 
regions," or "diode structures," without departing from the scope of the present 
invention. 

Figure 4 is a schematic cross sectional diagram similar to Figure 1 , but 
1 5 illustrating a diode broadly designated at 50 that incorporates the implanted perimeter 
region 54 of the present invention. The diode 50 includes a substrate, 51 which in 
some embodiments is n-type silicon carbide. 

An n-type gallium nitrite epitaxial layer is on the substrate 51, and appears 
underneath the substrate 51 in the "flip-chip" orientation illustrated in Figure 4. The 
20 p-type layer 53 is adjacent the n-type layer 52 and the two layers define a p-n junction 
58 between them. The diode also includes the ohmic contact 55, and the die attach 
metal portion 56. 

Because the diode has been implanted in the manner just described with 
respect to Figure 3, it includes the highly resistive perimeter portions 54 shown 

25 adjacent the dotted lines in Figure 4. A portion 60 of less than ideally placed die 
attachment metal is also illustrated 54 on the lead frame 57. As thus illustrated, the 
invention provides several advancements. First, the geometric spatial area available 
for the metal portion 60 is now more limited because the implanted regions 54 of the 
diode 50 do not require the multiple steps necessary to form a mesa. Thus, the p-type 

30 layer and its insulated portions 54 provide an additional geometric, spatial blocking of 
the excess metal 60. Additionally, because the implanted portions 54 are highly 
resistive, there is little or no electrical interaction between the excess metal 60 and the 



WO 2004/102686 PCT/US2004/014023 

- 11 - 

implanted perimeter portions 54. Finally, the amount of excess undesired metal 60 
that would be required to reach the n-type epitaxial layer 52 is much greater. Stated 
differently, the invention provides a greater margin for error when using a standard or 
defined amount of die attachment metal 56, 60. As noted earlier with respect to 
5 Figure 1, in operation and practice, the diode 50 would have both anode and cathode 
connections to the lead frame but the details of these connections have been 
eliminated to clarify the illustration of the invention. 

Further to some additional details of the invention, the substrate 51 is 
illustrated in Figure 4 as being formed of conductive silicon carbide, but can also 
1 0 comprise semi-insulating silicon carbide or sapphire (which is insulating), because the 
advantages of the invention are based upon advantages provided in the epitaxial 
layers. Thus, although an insulating or semi-insulating substrate requires a slightly 
different geometry than a conductive SiC substrate for packaging purposes, the 
principles with respect to the invention and the epitaxial layers remain the same. 
1 5 Furthermore, for a light emitting diode, the substrate 51 is preferably substantially 
transparent to the light emitted by the junction 58 when a potential difference is 
applied to the device. Because silicon carbide emits in the higher energy portions of 
the visible spectrum, the substrate is preferably substantially transparent to light 
having wavelengths of between about 390 and 550 nanometers, and more preferably 
20 between about 485 and 550 nanometers. U.S. Patent No. 5,718,760 and its siblings 
Nos. 6,025,289 and 6,200,917, describe techniques for producing colorless SiC. 
These patents are commonly assigned with the present invention, and are incorporated 
entirely herein by reference. 

As stated above, the semiinsulating border portions 54 have sufficient 
25 resistivity to preclude Schottky behavior when the border 54 is in contact with the 

metal 56, 60 that would otherwise produce Schottky behavior if the border 54 were n- 
type. 

As illustrated in Figure 7, a light emitting diode 78 of the invention and of the 
type illustrated in Figure 3 or Figure 4 can be mounted in a package comprising a 
30 header 73, electrical leads 72, and an encapsulant 74 (such as epoxy) which may be 
molded in the shape of a lens 75. LED 78 may be mounted in a conventional 
substrate-down orientation or in a "flip-chip" orientation with the epitaxial layers 
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adjacent the header 73. The resulting LED lamp 79 can be incorporated as part cf a 
display or can be used as an indicator light, backligiht or other application. 

Hie ohmic contacts to the p-type layer are typically selected from the group 
consisting of platinum, nickel, gold, titanium, aluminum, silver, and combinations of 
5 these, and when an ohmic contact is made to the silicon carbide substrate, it is usually 
selected from the group consisting of nickel, platinum, palladium, aluminum, 
titanium, and combinations thereof Because the ohmic contacts to the substrate (not 
illustrated in Figure 4) are visibly located in the direction in which light is desirably 
emitted, and because larger contacts have current-spreading advantages, the ohmic 
1 0 contact is preferably selected and formed to be as close to transparent as possible, 

typically with an additional smaller bonding pad being added to enhance the flow of 

* 

current to the appropriate circuit. 

In a similar manner, the ohmic contacts 55 and the die attach metal 56 can be 
selected to act as a mirror or reflector to enhance the eventual output or the diode 50 
15 when packaged and in use. Alternatively, and additional metal layer (or layers) can 
be included for this purpose. Moreover, other metal layers may be included in the 
metal stack for other purposes, such as barrier layers for preventing diffusion of 
contaminants and bonding layers for bonding external contacts to the device. 

As noted above with respect to the basic illustration of the device and with 

20 respect to the method, the structure of the invention is not limited to the schematic 

illustration of Figure 4. For numerous reasons, a buffer layer is often included as part 
of the structure between the silicon carbide substrate and the first gallium nitride (or 
other Group III nitride) layer. In many cases, the buffer layer can comprise al uminum 
nitride, or a graded layer of aluminum gallium nitride (AlGaN) that progresses from a 

25 higher aluminum concentration near the silicon carbide substrate to a higher gallium 
nitride concentration at its interface with the gallium nitride epitaxial layer. Other 
structural portions that can be incorporated into diodes of this type and with which the 
invention is particularly suitable include superlattice structures for enhancing the 
overall crystal stability of the device, quantum wells for enhancing the output of light 

30 or tuning it to a particular frequency, or multiple quantum wells for enhancing the 
brightness of the device by providing the additional number of active layers and the 
relationships between them. In addition, it may be desirable to passivate the exposed 
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surfaces of the *■ pitaxial layers 52, 53 of the device 50 for environmental protection. 
As described above, such passivation may comprise silicon dioxide or silicon nitride 
deposited via PECVD, sputtering, or other suitable passivation technique. 

Figure 5 illustrates some of the method aspects of the invention. In a broad 
5 sense, the method electrically defines or isolates a p-n junction in a diode, most 

preferably in a Group III nitride or gallium nitride-based diode, to minimiz e or avoid 
undesired electrical contacts and pathways when the diode is mounted for use and/or 
to prevent damage to the p-n junction during die separation. In this aspect, the 
method comprises depositing an ohmic metal contact layer on a central portion of a p- 
1 0 type epitaxial layer of gallium nitride that is part of a p-n junction, patterning the 

metal layer by applying an etch mask on the metal layer and removing a portion of the 
etch mask and the metal layer, and then implanting ions into the perimeter portions of 
the p- type epitaxial layer that are not covered by the etch mask. 

In a slightly more detailed aspect, the method can comprise masking a portion 
1 5 of the ohmic metal layer (and potentially a bond pad on the ohmic contact), removing 
the remaining exposed ohmic metal contact layer from the epitaxial layer, implanting 
the exposed portions of epitaxial layer with atoms sufficient to increase the resistivity 
of the exposed portions (and potentially render the exposed portions semi-insulating), 
and removing the mask from the ohmic contact (and the bond pad) to thereby produce 
20 high-resistivity portions of the p-type layer. In this aspect, the method can comprise 
depositing the ohmic contact and the bond pad prior to the masking step, and masking 
the ohmic contact metal with the photoresist 

Turning to Figure 5 in more detail, it illustrates a device precursor broadly 
designated at 60. The diode precursor 60 includes a substrate 61 (which in certain 
25 embodiments comprises n-type SiC), an n-type gallium nitride epitaxial layer 62 on 
the substrate 61, a p-type gallium nitride epitaxial layer 63 on the n-type layer 62, an 
ohmic contact layer 65 on the p-type layer 63, and a metal bond pad 66 on the ohmic 
contact layer 65. The various steps of forming the substrate and epitaxial layers and 
depositing the ohmic contact and bond pad are generally well understood in the art 
30 and will not be described in detail herein. Representative descriptions are included in 
issued patents including but not limited to commonly assigned U.S. Patents 
Nos.6,297,522; 6,217,662; 6,063,186; 5,679,153; 5,393,993; and 5,119,540. 



WO 2004/102686 



PCT/US2004/014023 



15 



-14- 

Figure 5(B) illustrates the diode precursor 60 after a photoresist has been 
deposited, masked, and patterned to form the photoresist portion 67 on all of the bond 
pad as illustrated in Figure 5(B) and some, but not all, areas of the ohmic contact 65. 
The precursor in Figure 5(B) is then etched to remove the portions of the ohmic 
5 contact layer 65 that are not covered by the photoresist 67. The etching can be carried 
out in any appropriate manner, with reactive ion etching (RIB) using a chlorine-based 
plasma being a possible method. The etching results in the structure shown in Figure 
5(C) in which the size of the ohmic contact has been reduced to an area represented as 
65(a). Figure 5(C) also illustrates that with a portion of the ohmic contact layer 65 
10 removed, portions of the p-type epitaxial gallium nitride layer are uncovered. 

Figure 5(D) thus shows the implantation (schematically) of ions 70 to form the 
highly resistive regions 71 in the p-type gallium nitride layer 63 that define and isolate 
the junction 64. In some embodiments, the highly resistive implanted regions 71 are 
semi-insulating. 

Alternatively, the implant step illustrated in Figure 5(D) maybe performed 
prior to the step of etching the ohmic contact layer 65 if the ohmic contact layer 65 is 
sufficiently thin so as not to substantially interfere with the implantation step. 

When the photoresist 67 is removed, the precursor structure illustrated in 
Figure 5(E) results. The precursor structures may then be separated into individual 
20 die. 

Because the photoresist 67 serves as a mask for two steps (etching the ohmic 
contact layer 65 and implanting the ions 70), the method of the invention reduces 
fabrication cycle time, wafer handling and chemical consumption, and likewise 
reduces the yield loss otherwise associated with the masking and etching procedures. 
25 Another embodiment of the invention is illustrated in Fig. 6(A)-(D). In this 

embodiment, a wafer 80 comprising a substrate 81 and epitaxial regions 82 and 83 is 
provided. As illustrated in Figure 6(A), a metal stack 86 is formed on epitaxial region 
83. As discussed above, epitaxial region 83 has a first conductivity type and epitaxial 
region 82 has a second conductivity type opposite the first conductivity type. Each 
30 epitaxial region 82 and 83 may comprise one or more layers having the same 

conductivity type. Metal stack 86 may comprise a number of metal layers, each of 
which has a particular function. For example, metal stack 86 may comprise a layer of 
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metal for forming an ohmic contact with epitaxial region 83. Metal stack 86 may also 
comprise reflector, barrier, adhesion, bonding, and/or other layers. 

As illustrated in Figure 6(B), etch mask 85 is deposited on metal stack 86 and 
patterned via photolithography to form openings that selectively reveal surface 
5 portions 86A of metal stack 86. Alternately, metal stack 86 could be formed by 
photolithography, deposition and liftoff techniques which are well known in the art 
That is, metal stack 86 could be formed by applying a blanket photoresist to the 
surface of the epitaxial region 83, patterning the photoresist by exposing and 
developing it, depositing the metal as a blanket layer and lifting off the unwanted 
10 metal. 

Turning now to Figure 6(C), metal stack 86 is selectively etched to reveal 
surface portions 83 A of epitaxial region 83. Etch mask 85 is then removed by 
conventional methods. Ions 87 are then implanted into the exposed portions of 
epitaxial region 83 to render the implanted regions 84 highly resistive in the manner 

1 5 described above and to define p-n junction regions 88 within the structure. In this 
embodiment, the patterned metal layer 86 serves as the implant mask. 

Finally, as illustrated in Figure 6(D), the etch/implant mask 85 is removed and 
individual die 89 are separated using conventional techniques such that defined p-n 
junction regions 88 are spaced apart from the sidewalls 90 of the die, and are thereby 

20 physically and electrically isolated. 

Experimental: 

The following implantation procedures were carried out in evaluating the 
present invention: 

25 In each of the following evaluations, an LED precursor comprising an n-type 

silicon carbide substrate, an n-type epitaxial region and a p-type epitaxial region was 
provided. The p-type epitaxial region comprised GaN/AlGaN layers doped with Mg 
at a carrier concentration of about lto5xl017cm-3 and had a total thickness of 
about 210 nm. In a first evaluation, successive doses of 20 keV of monovalent 

30 nitrogen (N+l) at a dosage of 1 01 3 per square centimeter (cm-2), 125 keV of N+l at a 
dosage of 1.4 x 1013 cm-2, and 125 keV of divalent nitrogen (N* 2 ) at a dosage of 2 x 
10 13 cm" 2 were carried out 



WO 2004/102686 PCT/US2004/014023 

-16- 

In a <v^cond evaluation, N* 1 nitrogen was implanted at 20 keV at a dosage of 
10 13 cm' 2 followed by a dosage at 125 keV of monovalent nitrogen at 1.4 x 10 13 cm" 2 . 

In a third evaluation, the first dosage was carried out at 20 keV using N 4 * 1 at a 
dosage of 10 13 cm" 2 , followed by 125 keV of at a dosage of 1.4 x 10 13 cm 2 followed 
5 by 190 keV of N+ 1 at 1.7 x 10 n an 2 

Of the three conditions, all produced junction isolation and definition. 
Junction isolation was verified by probing adjacent metal stacks and performing a 
continuity measurement No measurable current was observed prior to breakdown of 
the p-n junction. Implanted helium and hydrogen have also created resistivity ' 
10 conditions leading to the potential conclusion that implanting almost any ion into p- 
type gallium nitride at room temperature will cause the material to become 
dramatically more resistant 

The inventors, however, do not wish to be bound by any particular theory. 
Accordingly, the potential conclusions discussed herein are offered for the sake of 
1 5 illustration rather than limitation. 

These implantation steps rendered the edges of the junction insulating and 
inert (as desired). The implantation step is also favorable for p-type gallium nitride 
because of the low hole concentrations (about 1 X 10 17 cm' 3 ) that p-type gallium 
nitride demonstrates. The inert characteristic produced by the implant of the 
20 invention appears to be stable to temperatures approaching 900°C. Thus, junction 

isolation by this technique appears to lend itself to any nitride device that incorporates 
a p-type layer. For this reason, nitride based light emitting diodes on sapphire as well 
as on silicon carbide and other substrates appear to benefit equally from the use of 
implantation for junction isolation. 

25 The following evaluations were carried out on commercial dies from Cree, 

Inc. 

The standard implant condition was (1) below. Other conditions (2) — (5). 
were also examined. The (2) condition was intended to evaluate the number of 
carriers that are eliminated per implanted ion. Conditions (3) and (5) were intended 
30 to evaluate the effect of implanting on the p-side of the device only. Condition (4) 
evaluated the efficiency of trapping carriers s imil ar to the (1) and (2) comparison. In 
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carry' -ig out the implantations, it was determined that higher c jergy implants were 
needed for Cree's green LEDs as compared to Cree's blue LEDs. 

Implant Conditions Explored On Blue (indicating successive dorses): 

(1) lel3 @ 20 keV, 1.4el3 @ 125 keV, 1.7el3 @ 190 keV (standard triple 
5 dose condition) 

■ 

(2) lel2 @ 20 keV, 1.4el2 @ 125 keV, 1.7el2 @ 190 keV (standard 
condition @ 1/10 dose) 

(3) 1.4 el 3 @ 125 keV (single dose from standard condition of #1) 

(4) 1 .4 el2 @ 125 keV (1/10 dose of #4) 
10 (5) lel3 @ 30 keV, 1.4el3 @ 100 keV 

For Cree's blue light emitting diodes and based on TRIM simulations the 190 
keV implant of (1) and (2) goes far deeper than the p-n junction placing most of the 
190 keV implanted nitrogen on the n-side. The single dose at 125 keV of (3) and (4) 
and the double dose of (5) were considered. The 1 00 and 125 keV energies place the 
1 5 peak of the nitrogen concentration at or about the p-n junction which is 1 500 - 1 800 A 
below the surface. The simulated peak for the 1 00 and 125 keV implants is about 

1 600 and 2000 A, respectively. The GaN material is converted from low resistivity 

« 

to high resistivity. 

P-type GaN is about 1200 - 1500 A thick with a free hole concentration of 
20 about 2 - 5 El 7/cm 3 

P-type AlGaN is about 300 A thick with a hole concentration of about 5-20 
E16/cm 3 

\ 

Condition (1) always worked for the blue LEDs (i.e., desired isolation and 
electrostatic discharge (ESD) yield). 
25 Condition (2) successfully isolates devices, but the ESD yield is poor. 

Condition (3) isolates the devices with good ESD yield. 
Condition (4) does not quite isolate the devices and does not offer good ESD 

yield. 

Condition (5) isolates the devices with good ESD yield. 
30 For Cree's Green light emitting diodes, each of conditions (l)-(5) created high 

resistivity p-type material and isolated adjacent devices, but none produced good ESD 
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yield. The addition of a further 230 keV nitrogen implant with a dose of 2 E 13/cm 2 , 

however, worked well for isolation and ESD yield. 

Production Recovery Process: Other devices were passivated post fabrication 

in which cases the device had a silicon nitride covering about 1600 A thick. The best 
5 conditions for blue remained condition (1) above, but with an extra 30 keV of energy 

to penetrate the passivation layer. Similar results were obtained for the green LEDs 

by adding the extra 30 keV to the added 230 keV implant at 2 E13/cm 2 . The doses 

were unchanged. * 

Estimation of resistivity: The resistivity was estimated to be greater than 2 x 
10 1 0 3 ohm-cm. This was done by evaluating the current flowing between two adjacent 

pads with an applied voltage of 2 Volts. The resulting current was immeasurable (< 

50 nA). This corresponds to a resistance greater than 40 x 10 6 ohms. The distance 

between the pads is 70 microns and the width is 230 microns. The number of squares 

is then about 0.3 between them. The effects of flinging were ignored to give the 
1 5 estimate a worst case lower limit on resistivity. This gives a lower limit on the sheet 

resistance of 133 x 10 6 ohms per square. Taking the thickness to be 0.15 x 10 -4 cm 

thick yields a resistivity of greater than 2000 ohm-cm. 

Embodiments of the invention have been set forth in the drawings and 

specification , and although specific terms have been employed, they are used in a 
20 generic and descriptive sense only and not for purposes of limitation, the scope of the 

invention being defined in the claims. 
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Claims : 

1. A semiconductor light emitting diode comprising: 
a substrate; 

a first epitaxial region of Group Hi-nitride on said substrate, said epitaxial 
5 region having a first conductivity type; 

a second epitaxial region of Group IE-nitride on said first epitaxial region, 
said second epitaxial region having a second conductivity type opposite said first 
conductivity type and forming a p-n junction with said first epitaxial region; and 

a Group m-nitride isolation region on said first epitaxial region and adjacent 
1 0 said second epitaxial region, said Group IE-nitride region having an increased 

resistivity compared to said second epitaxial region for electrically isolating portions 
of said p-n junction. 

■ • 

2. A light emitting diode according to Claim 1 wherein said isolation 
1 5 region has a resistivity greater than about 2000 Q-cm. 

3. A light emitting diode according to Claim 1 wherein said isolation 
region is semi-insulating. 

20 4. A light emitting diode according to Claim 1, further comprising a 

■ 

metal contact layer on a top surface of said second epitaxial region, wherein said 

■ 

metal contact layer exposes a portion of the top surface of said second epitaxial 
region. 

25 5. A light emitting diode according to Claim 3, wherein said isolation 

region lies beneath the exposed portion of the top surface of said second epitaxial 
region. 



30 



6. A light emitting diode according to Claim 3, wherein said metal 
contact layer is selected from the group consisting of ohmic contacts, reflective layers 
and bonding layers. 
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7. A light emitting diode s. cording to Claim 1 wherein said substrate 
comprises a material selected from the group consisting of silicon carbide, sapphire, 
ZnO, MgO, spinel, silicon, gallium nitride and aluminum nitride. 

5 8. A light emitting diode according to Claim 1 wherein said substrate is 

selected from the group consisting of conductive substrates and semi-insulating 
< substrates. 

9. A light emitting diode according to Claim 1 , further comprising a 
10 passivation layer on said epitaxial layers and selected from the group consisting of 

silicon nitride, silicon dioxide and insulating polymers. 

1 0. A semiconductor light emitting diode according to Claim 1 comprising: 
a buffer layer on said substrate between said substrate and said first epitaxial 

15 region; 

said first and second epitaxial regions forming at least a portion of a 
semiconductor active structure on said buffer layer for providing an optical emission 
when current is injected therethrough; 

a p-type epitaxial layer of a Group m nitride on said active structure; 
20 said isolation region comprising a highly resistive gallium nitride border on 

said active structure and surrounding said p-type layer for electrically isolating 
portions of said active structure; and 

respective ohmic contacts to said diode for injecting current through said 
diode and said active structure and generating a desired emission therefrom. 

25 

1 1 . Alight emitting diode according to Claim 10 wherein said highly resistive 
border has sufficient resistivity to preclude Schottky behavior when said border is in 
contact with a metal. 

30 12. A light emitting diode according to Claim 10 and further comprising at 

least one metal contact layer on said p-type epitaxial layer. 
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13. A light emitting di^Ie according to Claim 10 mounted on a lead frame 
with said ohmic contacts in respective electrical contact with said lead frame. 



14. A light emitting diode according to Claim 10 wherein said ohmic contact 
5 to said p-type layer is selected from the group consisting of platinum, nickel, gold, 
titanium, aluminum, silver, and combinations thereof. 



15. A method of isolating a p-n junction in a semiconductor diode 
comprising: 

1 0 implanting ions into an epitaxial layer of the diode adjacent the p-n junction 

and having a first conductivity type in a pattern that defines an implanted perimeter 
sufficiently doped with the implanted ions to be highl y resistive to thereby isolate the 
junction within the implanted perimeter. 



15 1 6. A method of manufacturing a light emitting diode according to Claim 1 5 

comprising: 

forming a first epitaxial region having a first conductivity type on a substrate; 

forming a second epitaxial region having a second conductivity type on said 
first epitaxial region, said first and second epitaxial regions forming a p-n junction; 
20 forming a metal contact layer on a top surface of said second epitaxial region, 

said metal contact layer patterned to reveal portions of the surface of said second 
epitaxial region; and 

implanting ions into said second epitaxial region through said exposed 
portions. 

25 

17. The method according to Claim 16, further comprising: 
applying a photoresist to said metal contact layer; 
patterning said photoresist; 

selectively etching portions of said metal contact layer to reveal portions of the 
30 surface of said second epitaxial region. 
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18. The method according to Claim 17, further comprising removing tho 
photoresist prior to implanting ions into the second epitaxial region. 

1 9. The method according to Claim 1 7, further comprising implanting ions 
5 into said second epitaxial region prior to removing said photoresist 

20. The method of Claim 16, wherein the step of forming the metal contact 
layer comprises forming an ohmic contact layer. 

10 21. The method according to Claim 1 7, further comprising depositing a 

passivation layer on exposed portions of said second epitaxial layer selected from the 
group consisting of silicon dioxide, silicon nitride, insulating polymers and 
combinations thereof. 

15 22. The method according to Claim 16 comprising implanting ions selected 

from the group consisting of nitrogen, phosphorus, aluminum, helium, hydrogen and 
N 2 . 

23. A method according to Claim 15 comprising implanting ions toward an 

« 

20 exposed portion of the masked surface of a first epitaxial layer of gallium nitride 

having a first conductivity type that togethfer with an adjacent second epitaxial layer 
of gallium nitride of opposite conductivity type forms a p-n junction until the part of 
the first layer under the exposed surface becomes semi-insulating. 

25 24. A method according to Claim 15 comprising directing ions towards a p- 

type epitaxial layer of gallium nitride. 

25. A method according to Claim 23 comprising depositing a mask on the 
surface of the first epitaxial layer prior to the step of implanting ions. 
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26. A method according to Claim 25 wherein the step of depositing the mask 
comprises depositing a patterned metal layer that can provide an ohmic contact to the 
first epitaxial layer. 

5 27. A method according to Claim 23 wherein the step of directing the 

implanting ions comprises at least two implanting steps that differ from one another 
according to a factor selected from the group consisting of ion energy, ion dosage, and 
combinations thereof 

# 

10 28. A method according to Claim 23 comprising implanting ions at a dosage 

of between about 1 to 2 x 10 13 cm" 2 at energies of between about 100 and 200 keV 
into an epitaxial layer having a p-type carrier concentration of about 1 x 10 17 cm" 3 . 

29. A method according to Claim 15 comprising electrically isolating a p-n 
1 5 junction in a gallium nitride diode to minimize or avoid undesired electrical contacts 

and pathways when the diode is mounted for use, by: 

depositing an ohmic metal contact layer on a central portion of a p-type 
epitaxial layer of gallium nitride that is part of a p-n junction; and 

implanting ions into the perimeter portions of the p-type epitaxial layer that 
20 are not covered by the metal contact layer. 

30. A method according to Claim 1 5 comprising passivating a device or its 
precursor that ii* ludes at least a p-type epitaxial layer, an ohmic contact layer on the 
p-type layer, and a bond pad on the ohmic contact, by: 

25 masking a portion of the ohmic contact layer and all of the bond pad; 

removing the remaining exposed ohmic metal contact layer from the epitaxial 

layer; 

implanting the exposed portions of the epitaxial layer with ions sufficient to 
render the exposed portions highly resistive; and 
30 removing the mask from the ohmic contact and the bond pad to thereby 

produce passivated portions of the p-type layer. 
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31. A method according to Claim 30 comprising depositing the ohmic contact 
and the bond pad prior to the masking step. 

32. A method according to Claim 30 comprising masking the ohmic contact 
5 metal layer with a photoresist 
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